This paper presents a numerical analysis of motion dynamics of a two-degree-of-freedom of motion rectilinear oscillatory system with the motion limitations and forced excitation. The analysis of a mechanical-mathematical model with discontinued parameters is based on the numerical integration of differential equations. The forced oscillatory system has been implemented in two automatic armament systems of 12.7mm and 20mm calibres, which have been installed in the light propeller aircraft and transport-combat helicopter. The motion parameters -movement and velocity and forces have been measured on the stand. Motion parameters and force computations were compliant with the analogous values measured on the designed systems. The mechanical-mathematical model of system dynamics can be used for a prediction of the behaviour of a two-degree-of-freedom of the motion system in the stage of parameters adjustment, prior to the design of system elements. The description of the measurement and used equipment is presented as well as a possible way of further work
Introduction
N the design of automatic weapons installation into aircraft, one of the main parameters is the force that is transmitted from the weapon to the surrounding structure. This force is an important factor, not only for the dimensioning of the surrounding structure but also for the behaviour of other system elements close to the weapon, i.e. equipment etc. Depending on the sensitivity of the surrounding structure and the equipment, the requirement for reducing the weapon impact, as an excitation, on other system components will be set.
In one-degree-of-freedom of motion systems the weapon has an internal elastic system and the external elastic system for weapon connection to the supporting structure. A common denominator for various variants of one-degree-of-freedom systems is that the reduction domain of the force transmitted from the weapon to the structure is restricted [1] . This is conditioned mainly by limited weapon recoil (in the opposite direction of the projectile movement) due to the problem of feeding the ammunition to the weapon. The main system parameters here are the rate of fire, i.e. excitation frequency and self-oscillating frequency of the weapon. The effect of weapon movement on its internal work is hard to anticipate, so it is mainly reduced to recoil adjustment and correction of the parameters of the designed system.
In cases where the requirement for reduction of the force transmitted from the weapon to the supporting structure is extremely harsh, a two-degree-of-freedom of motion system is used, i.e. the weapon whose primary supporting structure moves with respect to the remaining, immobile, part of the system. This applies predominantly to the pod-type installation of the weapon, especially with light aircraft where the wing structure or the airframe is lightweight and sensitive to the weapon reaction force. An executed example of such a system is Uni-Gun Pod, by Swedish FFV, where a 12.7mm machine gun is mounted in a light aircraft pod. In this case, the movement of the entire pod absorbs the weapon recoil force, i.e. the mass collision (of the weapon and the pod) principle is applied, where the reaction force arises as an internal force, while a smaller force is transmitted to the external (immobile) part of the system, as the result of non-absorbed energy of weapon recoil.
With two-degree-of-freedom of motion systems, the impact on the internal work of the weapon is more complex, so, depending on the sensitivity of the weapon, it is necessary to know the behaviour of the system when choosing a weapon installation concept [2] . 
I
This paper defines the mechanical-mathematical model and uses a numerical model for solving differential equations for a prediction of the behaviour of a two-degree-of-freedom of motion system. The model includes all the relevant parameters: rate of fire, i.e. excitation frequency and force, movement restriction of the weapon and the primary supporting structure, damping, friction, pre-stresses of springs, corresponding spring stiffness, and mass of the system components.
The mechanical-mathematical model has been realized within two projects: suspension pods with (a)-12.7mm machine gun for Lasta aircraft, and (b)-20mm cannon for Mi-17 helicopter [3] [4] [5] . Necessary measurements of recoil force transferred to a stand and movement of the pods and guns were done at the time of the ground examination of the pods. The numerical results have shown good compliance with the executed systems with two degrees of freedom for 12.7 and 20 mm calibres. The addressed parameters include motion (velocity and movement) and force. A prediction for the 30 mm two-degree-of-freedom of motion system has been made. 
Mechanical-mathematical model of a two degreeof-freedom of motion system
A two-degree-of-freedom of motion system and a corresponding mechanical-mathematical model for the system behaviour have been defined and analyzed (Fig.3) . Initial conditions (coordinate systems 1 and 2) have been set and the parameters defined. F press -Pressure force of powder gases in the barrel. It is modeled as a series of rectangles, whose total surface is equal to the surface below the actual pressure curve (Fig.4a) f press -Frequency of excitation (rate of fire). It is not independent from the system behaviour. It is modeled as a repetition of impulses of the force F press in the time axis (Fig.4b The described model does not include the reduced mass of the immobile supporting structure.
Motion equations
The beginning of the coordinate system adopted for the weapon movement (M 1 in Fig.3 ) is the initial position and the positive direction of x-axis in the direction of the weapon recoil. The coordinate system adopted for the mount movement has the beginning in the initial position of the mount and the positive direction in the direction of the weapon recoil. Motion has been determined by using 4 linear first-degree differential equations with constant coefficients, coupled based on V and X parameters.
( )
where:
The author's computer program for numerical solving of differential equations is based on the fourth-order RungeKutta method, and it has been written in FORTRAN programming language. The nature of very sharp periodic changes of system parameters imposes a small integration step-size in the independent variable (time), so that in each oscillation half-cycle there are at least five points. The parameters are discontinued, which is executed in the program through the limit values of movement ( 1lim L′ , 1lim L′′ , 2lim L - Fig.3 ) and, consequently, force. The program includes all the stated parameters and restrictions and initial conditions are:
The results of numerical analysis of the mechanical-mathematical model
The numerical analysis has included the installation of 12.7 mm and 20mm suspension pods on the aircraft, cases (a) and (b), as well as the installation of a 30mm weapon.
The result of the numerical simulation for the first case (12.7mm) is shown in Figures 5 and 6. Fig.5a presents the function of a velocity of the weapon (1) and the weapon mount (2) . Fig.5b indicates the function of the movement of the weapon (1) and the weapon mount (2) . It can be seen in Fig.5b that the movement of the weapon (1) and the mount (2) is shifted in the phase about 180 degrees, thanking to the effect of excitation that occurs in the phase of the weapon mount moving forward, and is optimal when the velocity V 2 has maximum value in the forward direction. At the beginning, we have a period of establishing the state that lasts for several fired rounds. After establishing a stable dynamic process, the system remains stable, i.e. it has a good phase attitude. Fig.6a shows the function of the force in the weapon buffer (1) and the force with which the weapon acts on the immobile mount (2) . It can be seen that with the first projectile fired, the force is the biggest, while in the subsequent firings in the burst the recoil energy is absorbed in the collision of the weapon and mount masses, so the force acting on the external surroundings (mount) is comparatively small. The process is dynamically well balanced owing to the adequate selection of the weapon mount spring (k 2 ), which is the key factor in defining a system of this kind. The final k 2 for each weapon in this analysis was obtained after numerous executions of the program. The influence of k 2 could be a subject of a particular analysis. Additional adjustments can be made by selecting the right friction and/or damping. In addition, it can be seen that the process is stable, i.e. that the force is not intensified when the burst is longer. From diagrams 5b (curve 2) and 6a (curve 2), it can be seen that there is a similarity in the nature of the weapon mount movement (spring deformation) and the force on the mount, which is to be expected with such a system. Direct proportion does not exist due to the friction and nonlinear character of the damping force.
If the diagram of the force acting on the mount (Fig.6a , curve 2) is compared with the measured results (Fig.6b) , it can be seen that the computed value is compliant with the measured value, both with respect to the amplitude and the phase. Phase attitude is favourable, i.e. the relationship between the movement phases of the weapon and the cradle is about 180 degrees. This is the result of adjusting the self-oscillating frequency of the weapon mount with the excitation frequency (rate of fire). The double pulses of the force in the diagram in Fig.6b are explained by an internal movement of the parts within the weapon (breech), and their impacts on the internal buffer, the force of which is transmitted to the weapon receiver and then on to the cradle and the base (immobile mount). Different force direction in the diagrams in Figures 6a and 6b is the result of the adopted positive direction of the coordinate system axis during the measurements.
Figures 7 and 8 show the results of the numerical analysis for the second case (20mm weapon). The result is similar as in the first case. Fig.7a shows the function of the weapon velocity (1) and mount (2), while Fig.7b indicates the function of the weapon (1) and mount (2) movement. It is obvious from the diagrams that the phase attitude is favourable. Figure  8a shows the function of the force in the weapon buffer (1) and the force on the immobile mount (2). It can be seen that the phase attitude is favourable and that the force is not intensified with the length of the burst. In this case, it was found that the function of the kinematics of the weapon system is more sensitive relative to the characteristics of the two-degree-of freedom system. The parameters are selected so as to achieve stable behaviour of the system, i.e. there is no force intensification with the burst length. It is also clear that the compliance with the measured force values (Fig.8b) is good both in the amplitude and the phase, and that the phase attitude is good (about 180 degrees).
The third case (30 mm calibre) is shown in Figures 9a, 9b and 10. Its behaviour is similar to the previous two cases. The velocity is shown in Diagram 9a, movement in Diagram 9b, and force in Diagram 10. The parameters are adjusted using the principle of force reduction and achieving a favourable phase attitude. It is obvious that the system will be stable. Since the system has not been executed, no real comparisons can be made, so the conclusion is based on the similarity with case (a) and case (b). (2) For all cases, the common feature is that the force acting on the immobile mount is mainly directed backwards, i.e. the force in the opposite direction (forward) is either very small or it does not exist at all. The exception is the last projectile when the process ends. This is very important for the supporting structure, because the force, apart from being reduced, practically varies in one direction, which is a lot better from the aspect of the structure fatigue and vibrations than an alternately variable force. In all cases, the internal force acting on the weapon buffer is observed to be significantly bigger than the external force transmitted from the weapon to the mount, meaning that the objective set by this concept and analysis was actually achieved.
Numerical input values of the program are presented in APPENDIX. Program output values are contained in the numerical data sets for all three weapons (EXCEL and ORIGIN files).
Measuring of force and movement and used equipment
On the executed 12.7 mm and 20mm pods, the force was measured in both cases [6] , while in the case of 20 mm weapon, the weapon and pod movements were measured as well. For the movement measurements, a linear induction sensor BALLUFF BTL5 with the required length (100mm) and velocity range was used.
For the force measurements, a load cell HBM U2B 10kN was used, as well as an acquisition system HBM MGC plus. The motion sensors and load cell were connected as shown in Fig.11 . An example of a force measurement in case of the 12.7mm weapon is shown in Fig.6b , while an example of the 20 mm weapon measurement is shown in Fig.8b .
In both cases, it can be seen that the computational values are compliant with the measured ones. The parameters are selected so that the weapon mount (cradle) moves within the limits, i.e. there is no collision with the immobile structure, thus preventing the occurrence of a high collision force. 
Conclusion
The stated mechanical-mathematical model of a two-degreeof-freedom of motion system with an excitation force has described the system behaviour through parameters: velocity, movement and force. With the adopted approximations, and assuming the system is a linear type, the results of numerical simulation are compliant with the results of measurements on the executed systems. The mechanical-mathematical model, with the author's program, can be very useful in the early project stages of a two-degree-of-freedom of motion system, with respect to choosing the right concept and parameters, and prior to the system components design. The system is implemented within two projects: (a)-suspension pod with 12.7mm machine gun for the Lasta light aircraft (Fig.1) , and (b)-suspension pod with 20mm cannon for the Mi-17 or Mi-8 helicopter (Fig.12) .
The mechanical-mathematical model can be extended so as to take into account the internal dynamics of weapon parts, i.e. to describe the actual system through a three-degree-offreedom of motion model.
Appendix
The list of the program input parameters for the final results in this analysis.
12.7mm weapon
f press = 11.5 Hz Mots clés: système mécanique, système oscillatoire, mouvement oscillatoire, oscillations propres, excitation du système, oscillations forcées, étouffement des oscillations, analyse numérique, arme automatique, calibre 12,7, calibre 20, armement de l'aéronef.
